STREPTOMYCIN RESISTANT STRAINS OF M. TUBERCULOSIS
to four times its volume of 4% sodium hydroxide, shaking in a mechanical shaker for 10 minutes at 370 C., centrifuging for 20 minutes at 3,500 r.p.m., discarding the supernatant, and neutralizing the deposit with 6% sulphuric acid. About 10 ml. of M /20 phosphate buffer at pH 7.0 was added and the bottle was again centrifuged for about 30 minutes. The supernatant was discarded and 1 or 2 ml. of phosphate buffer was added together with a few glass beads. The bottles were then mechanically shaken for about 30 minutes and an even emulsion was usually formed. From this emulsion serial tenfold dilutions were made.
Herrold's glycerine egg agar medium (Herrold, 1931 ) was adjusted to a final pH of 7.3 and streptomycin was added to batches of it to make concentrations of 0, 1, 4, 16, 64, 256 , and 1,024 ,ug. per ml. These were dispensed in 3 ml. amounts in sterile 3 x 1 in. flat-bottomed tubes plugged with cotton wool so that the agar formed a flat disc at the bottom of the tube. The tubes were placed in an incubator for about four to six hours to remove any water of condensation and were then corked and incubated for a further 18 hours as a sterility test. To each of two tubes at each streptomycin concentration a drop from a 50-dropping pipette (0.02 ml.) was added from the sputum emulsion and the process was repeated from a suitable number of the sputum dilutions, determined on the basis of the number of acid-fast bacilli seen in a smear made from the emulsion. The tubes were then sealed with corks dipped in paraffin wax and were incubated for eight weeks. The number of colonies present in each tube was counted. In this way a very rough viable count was made of the number of tubercle bacilli capable of growth in the various streptomycin concentrations. Accurate counting was often not possible because of the difficulty of distinguishing between individual colonies when the growth was of a spreading character. In a number of cases the concentration of bacilli in the sputum became too small to provide a sufficient number of colonies during the period when streptomycin resistance was appearing. Throughout the period of testing there was a falling, but still rather high, contamination rate, in part due to organisms surviving in the inoculum. Most contaminatory organisms were fungi.
The remainder of the sputum emulsion was inoculated on to slopes of LowensteinJensen medium. When growth occurred on these a sensitivity test in Tween 80-albumen medium was performed according to the technique recommended by the Medical Research Council (1948b) . Tests were read after ten days' incubation. The levels of sensitivity to streptomycin among resistant strains appear to occur in three main groups (Mitchison, 1949) and strains falling into these groups are called of low, medium, or high degrees of resistance. A strain of low degree of resistance is four to eight times less sensitive than H37Rv, the standard strain. A strain of medium degree of resistance is 32-128 times less sensitive than H37Rv, and a strain of high degree of resistance is capable of growing in at least 1,000 -,ug. streptomycin per ml., the highest concentration used. no streptomycin, was then added to each bottle. Three such bottles were set up from each streptomycin concentration and they were incubated lying flat at 370 C. After three days, when one might expect a stable distribution between the medium and the distilled water, one set of bottles was taken and the streptomycin in the water assayed against standards made up from the bottle containing no streptomycin by the method of Mitchison and Spicer (1949) . Further assays were done after seven and 43 days' incubation. The results of two such experiments are given in Table I . They indicate a fall in the streptomycin concentration over a period of six weeks, so that the final concentration is only about 1/10 of its original value. Furthermore there appears to be some tendency for streptomycin to be bound in the medium, although the results of these and other similar experiments indicate that this may occur to a variable extent.
RESULTS
Pre-treatment Strains.-As reported previously (Mitchison, 1949) strains tested in the liquid medium were usually inhibited by 0.5 or 0.25 jug. streptomycin per ml. They were inhibited by a concentration twice (two times less sensitive), half (two times more sensitive) or the same as (equal) the least concentration which inhibited the standard strain H37Rv whose sensitivity was always tested under the same conditions.
On the solid medium growth in tubes containing 1 yg. per ml. was usually similar to that on medium without streptomycin. There were occasional colonies on the medium containing 4 yg. per ml. but none on medium with higher concentrations. The difference between the inhibitory concentrations on solid and liquid media may be explained partly by the presence of Tween 80 in the liquid medium, which tends to increase the sensitivity of strains to streptomycin (Fisher, 1948a; Williston and Youmans, 1949) , and partly by the tendency of streptomycin to be bound in the solid medium and gradually to fall in concentration as described above.
Resistant Strains. During the course of treatment the sensitivity of strains from all the patients showed some change. There was a fairly sharp distinction between two groups. In one of these (10 patients, Nos. 1, 2, 4, 6, 7, 9, 10, 15, 16,  or more on a number of occasions. The average duration of treatment after which a strain four or more times less sensitive than H37Rv (liquid medium) was detected in this group was 63.6 days (range 44-75 days). Throughout the remainder of the period of treatment there was no tendency to develop any higher degree of resistance. An example of the results on one of these patients is given in Table II . In column 3, the log,0 of the number of organisms growing on solid medium without streptomycin is shown. In each of the remaining columns a figure is given which is the ratio between the number of organisms growing on medium with the indicated streptomycin concentration and the number growing on the medium without streptomycin. This will be called the " resistant fraction." Where no colonies appeared the fraction which would have been detectable if present is indicated after the symbol <.
In the second group (seven patients, Nos. 3, 5, 8, 11, 12, 13, 14, 17 ) the strains developed a moderate or high degree of resistance, becoming at least 32 times less sensitive than H37Rv when tested in liquid medium. The average duration of treatment after which a strain four or more times less sensitive than H37Rv was detected in this group was 62.5 days (range 23-180 days). An example of the results on one of the patients in this group is given in Table III . In this patient a strain exhibiting a low degree of resistance first appeared on the twenty-third day of treatment. From the thirtieth day onwards growth on solid medium containing 4 jug. per ml. was of the same order as on medium without streptomycin. However, during the period from the fifty-first to the one hundred and fourteenth day of treatment a strain exhibiting a moderate degree of resistance appeared and eventually became predominant, this change on the solid medium being accompanied by a similar one in the liquid medium. From the one hundred and fourteenth to the one hundred and sixty-third day there was no apparent tendency to develop a highly resistant strain (one capable of growing in at least 1,024 jug. per ml.).
In some patients the development of a moderate or highly resistant strain occurred more rapidly. An example of results from a patient showing this is given in Table IV .
In this patient a strain obtained on the twenty-first day was still sensitive, both on solid and liquid media, whereas on the fourty-ninth day the strain was composed largely of highly resistant organisms. It should be noted that this patient received streptomycin up to the twenty-eighth day, but that, during the twenty-ninth to the fifty-sixth days, no streptomycin was given (treatment Group II).
One patient, Case 17, developed a low degree of resistance first appearing on the twenty-sixth day (liquid medium). On the seventy-fourth and ninety-sixth days a highly resistant strain appeared, which was demonstrated both in liquid and on solid medium. After this there again appeared strains with a low degree of resistance, except on one occasion on the one hundred and thirty-seventh day when a strain of a moderate degree of resistance appeared. A portion of the results from this patient is given in Table V .
Results in Liquid and on Solid Media Correlated.-In many strains tested a sharp end-point in the solid medium tests was indicated by a large drop in the number of bacilli capable of growth or by their absence at a particular streptomy-cin concentration. Among these it could be said that strains of a low degree of resistance in liquid medium were inhibited by 16, 64, or occasionally 256 jig. streptomycin per ml. in solid medium, and that strains of a moderate degree of resistance were either inhibited by 1,024 ug. streptomycin per ml. or grew at this concentration (the highest used). Strains of a high degree of resistance invariably grew on medium with 1,024 ,ug. streptomycin per ml.
In other strains the "resistant fraction" on solid medium became gradually smaller as the streptomycin concentration in the medium increased. To interpret the results of the liquid medium tests one would like to know the limiting value of the "resistant fraction " which would just cause growth in the corresponding tube of the liquid medium. However, since the bacteriostatic activity of streptomycin in liquid and solid media is not the same, and since there is considerable variability in the results by both methods, we do not know exactly which are the corresponding tubes. To overcome this difficulty the correlation between results on liquid and solid media was calculated for different values of the "resistant fraction " varying from 0.1 to 0.0001. The value of the " resistant fraction," yielding the best correlation, should be equal to the proportion of resistant to sensitive organisms which would just allow growth in liquid medium containing enough streptomycin to inhibit the sensitive population.
A system of scoring was used as follows: As can be seen the highest correlation coefficient was obtained by considering the limiting fraction as 0.03, and there is a definite tendency for the coefficients to increase over the range of " resistant fraction " values from 0.0001 to 0.03. There is thus some slight evidence that, if resistant organisms are present in 0.03 of the total (i.e., 3%), they will just cause visible growth.
Further evidence on this point has been given in another publication (Mitchison, 1950) and can also be obtained by considering the results from Case 13 (Table VI) . By the thirty-fourth day of treatment the sensitivity tests in liquid medium indicated a strain of a low degree of resistance. However, on solid media there began to appear a small proportion of more highly resistant organisms. The proportion of these organisms gradually increased until at about the eighty-third day most of the organisms were inhibited on solid medium only by 1,024 jug. per ml. There remained a small proportion capable of growth at this concentration. Sensitivity tests in liquid medium read at 7 and 14 days, as well as the usual 10 days, are included in this group.bmj.com on October 29, 2017 -Published by http://thorax.bmj.com/ Downloaded from after 10 days' incubation varies from 0.06 to 0.001 but clearly there is considerable variation from strain to strain. A point that should be noticed is that from about the fifty-fifth to the one hundred and fifty-third day the proportion of highly resistant organisms (capable of growing on solid medium containing 1,024 jug. streptomycin per ml.) remained about the same. It would appear that there was little selective influence tending to cause the predominance of highly resistant organisms over those of a moderate degree.
A number of discrepant results between tests on solid and in liquid media were found in Case 11, Table VII . Tests in liquid medium showed wide fluctuations throughout the treatment. Many of the strains were of a moderate degree of resistance, but, on a number of occasions after considerable periods of treatment, sensitive strains reappeared. In particular attention is drawn to the strains obtained on the one hundred and forty-ninth, one hundred and fifty-sixth, and one hundred and sixty-third days. On solid medium these strains appeared uniformly highly resistant. In liquid medium, however, they were still sensitive. The LowensteinJensen slopes from which subcultures were made for the liquid medium tests yielded a moderate to heavy growth, so that the discrepancy could not have been due to a chance sampling of sensitive colonies.
A possible explanation is that towards the end of treatment the strain was composed mainly of a mixture of streptomycin dependent (Spendlove, Cummings, Fackler, and Michael, 1948) and sensitive organisms possibly with a smaller number of organisms of a moderate degree of resistance. In vitro some strains, at least, of dependent tubercle bacilli, are unstable and tend to revert to being resistant (Yegian, Budd, and Vanderlinde, 1949) . The dependent organisms would account for growth on solid media containing high concentrations of streptomycin, but, being unable to grow on medium without streptomycin, they would not manifest themselves in the liquid medium. Unfortunately the possibility was not considered at the time that these experiments were done so that the individual strains were not tested further. It should be noted that this patient was receiving streptomycin in four doses during the day and there were no rest periods during treatment.
Variations in Total Numbers of Bacilli Excreted during Treatment.-The number of bacilli growing on the solid medium without streptomycin was used to estimate the number of bacilli excreted in 24 hours, taking into account the total volume of sputum and the volume of the concentrate. Clearly such an estimate is subject to very great variation, since it is difficult to be certain that all the sputum over a 24-hour period is collected by the patient and the treatment of the sputum with sodium hydroxide will probably kill a proportion of the tubercle bacilli. However, these sources of error remain the same during the period of treatment.
The log,0 of the number of bacilli excreted over 24 hours was plotted against the number of days of treatment for each case. Examples are given in Figs. 1 and 2 .
The data from three patients were not used for the following reasons.
Case 14.-Thirteen out of 25 specimens yielded a contaminatory organism which resisted treatment with sodium hydroxide. This organism was not identified but was of similar colonial morphology throughout. Case 12.-Cultures from this case became negative after about 100 days' treatment, and with the exception of three positive ones, remained so up till the two hundred and first day.
Case 4.-The number of bacilli excreted by this patient was never large and cultures were sporadically negative. The data obtained were incomplete.
Each set of data was divided into two portions, a period before the development of resistant strains and a period after the development of resistant strains. The dividing line was taken as the first culture which exhibited a degree of sensitivity of four or more times less sensitive than H37Rv in the liquid medium test. Lines were fitted to the dates from each case for both periods by the method of least squares.
In all cases there was a fall in the numbers of bacilli excreted during the period that the strains remained sensitive. However, following the development of resistant strains, there was rise in the number excreted in every case. Some of the essential data of the calculations are shown in Table VIII . It will be seen that the rise or fall in numbers of bacilli are often not significant in an individual case owing to the high degree of error of the estimations of numbers of bacilli excreted.
However, if the joint tendency to rise or fall is calculated as a joint regression coefficient, then the general tendency for numbers to fall before the development of resistance, and to rise after it, is highly significant.
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The calculations for those cases which only developed a low degree of resistance have been presented separately from those in which a moderate or high degree of resistance occurred. The rate of fall of numbers of bacilli before resistant strains appeared and the rise afterwards, are the same, within the limits of error, in these two groups.
The average number of bacilli excreted in 24 hours before treatment was started was calculated for the cases developing a low degree of resistance and for those developing a higher degree. These figures were also calculated for the time when the first resistant strain appeared. As can be seen from Table IX , the values for cases developing higher degrees of resistance are, in both cases, slightly greater, but the difference is not significant. Thus Fisher (1948b) , in carrying out sensitivity tests on Herrold's egg agar medium containing varying concentrations of streptomycin, noted the proportion of pre-treatment strains in which variant colonies occurred on medium containing 10 or more 1kg. streptomycin per ml. and found that there was no relation to the ultimate development of resistant strains. Yegian and Vanderlinde (1948) investigated the proportions of resistant bacilli capable of growth on 1 and 100 jug. streptomycin per ml. in Tween 80-albumen solid medium found in two strains of tubercle bacilli. One of these became resistant after 30 days' treatment and the other remained sensitive after 120 days. They claim that the strain which became resistant had a higher proportion of resistant variants. On the other hand the difference as indicated in their table was less than tenfold and the results, as might be expected, showed considerable variation. Whether the tendency to replace strains of low resistance by those of moderate or high degree is due to differences between strains or to differences in the number of bacilli in lesions and the effective streptomycin concentrations in different patients one cannot say. However, it seems that in some patients a strain of moderate or high resistance gradually (Case 3, Table III) or suddenly (Case 8, Table IV ) replaces the strain of low resistance. In other patients there is an alternation between strains of high and low resistance, noted both on solid and in liquid medium (Case 17, Table V ). This suggests that there might be some foci in the lungs in which highly resistant organisms were predominant and others in which there were mainly organisms of low resistance. Differences in the levels of sensitivity in different parts of the lung at necropsy have been shown to occur in one case by Armstrong and Walker (1949) . The results on Case 13, Table VI, suggest that there is little tendency to favour highly resistant as against moderately resistant strains.
Case 11, Table VII , is of interest in that there is the possibility that a streptomycin dependent strain was present in the sputum. Lenert and Hobby (1948) injected the tubercle strain H37Rv intracerebrally in mice and gave streptomycin treatment for uip to 31 days. At death "the mice were cultured." One hundred and eighty-four out of 196 gave a growth of sensitive bacilli when isolation was performed on media without streptomycin. Thirteen out of the 184 also gave a growth in Tween 80-albumen liquid medium containing 500 jug. streptomycin per ml. and all these strains were found to be dependent. Thus a mixture of sensitive and dependent organisms was present during the course of treatment. Furthermore, passage of these strains in vivo yielded only streptomycin dependent and resistant organisms, never sensitive organisms.
The group of cases in which organisms of only a low degree of resistance were isolated is of importance. These organisms would not have been classified as resistant by many American authors (Barnwell, Bunn, and Walker, 1947 D'Esopo, and Steenken, 1948; Blattberg and Ehrhorn, 1949; Howard, Maresh, Mueller, Yannitelli, and Woodruff, 1949) , since their resistant strains have been classified as being capable of growth in 10 or more ug. streptomycin per ml. However, in cases where such strains occurred the fall in numbers of bacilli excreted in 24 hours until the strain became resistant, and the subsequent rise, would suggest that these strains are in fact capable of growth in the presence of the antibiotic. Steenken and Wolinsky (1948) injected a series of such strains into guinea-pigs and treated these with streptomycin. The therapeutic results varied from excellent to none. However, since the type of lesion is very different in man and guinea-pig results from animal experiments on strains which are of border line significance in man should be treated with considerable caution.
To conclude, it seems probable that in the form of pulmonary tuberculosis studied treatment with streptomycin results after a period of about 60 days in the production of strains of tubercle bacilli consisting almost entirely of organisms capable of growth in the effective streptomycin concentrations found in the lesions. These strains may not be homogeneous, but if they are not, they are still composed mainly of resistant strains among which the levels of sensitivity to streptomycin differ. Similar cases may respond well to streptomycin and the excretion of bacilli will then become scanty and irregular. In such circumstances sensitive organisms will often continue to appear after long periods of treatment. Apart from these, however, the persistence of a truly sensitive strain in a patient excreting numerous bacilli throughout a six months' period of treatment must be very rare, if indeed it ever occurs.
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SUMMARY Tubercle bacilli were isolated at intervals from the sputum of 18 patients with acute progressive pulmonary tuberculosis treated with streptomycin. The numbers capable of growth at various streptomycin concentrations were estimated by surface viable counting on Herrold's egg agar medium. Simultaneously cultures were tested for streptomycin sensitivity in Tween 80-albumen liquid media. In all cases some degree of streptomycin resistance developed. In 10 patients strains of a low degree of resistance appeared and persisted throughout the six months' course of treatment. In eight patients the strain of a low degree of resistance became replaced, slowly or rapidly, by one of a higher degree of resistance, although in one case it seemed probable that this occurred only in some foci within the lungs. In one case discrepancies between the results on solid and in liquid media might have been explained by the development of a streptomycin dependent strain. In the liquid medium test approximately 3% of resistant organisms will cause growth after a ten-day incubation period.
The number of tubercle bacilli excreted in 24 hours fell during the period when strains were sensitive and rose after the development of resistance. This occurred at the same rate both in cases excreting bacilli of a low degree of resistance and in cases where the bacilli were more highly resistant.
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The streptomycin used was the calcium chloride complex (Merck, Rahway, N.J., U.S.A.). The term jug. is equivalent to 1 pig. of the pure base.
